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Abstract. The Pan-Eurasian Experiment (PEEX) is a mul-
tidisciplinary, multiscale and multicomponent research, re-
search infrastructure and capacity-building program. PEEX
has originated from a bottom-up approach by the science
communities and is aiming at resolving the major uncertain-
ties in Earth system science and global sustainability issues
concerning the Arctic and boreal pan-Eurasian regions, as
well as China. The vision of PEEX is to solve interlinked,
global grand challenges influencing human well-being and
societies in northern Eurasia and China. Such challenges in-
clude climate change; air quality; biodiversity loss; urban-
ization; chemicalization; food and freshwater availability;
energy production; and use of natural resources by min-
ing, industry, energy production and transport sectors. Our
approach is integrative and supra-disciplinary, recognizing
the important role of the Arctic and boreal ecosystems in
the Earth system. The PEEX vision includes establishing
and maintaining long-term, coherent and coordinated re-
search activities as well as continuous, comprehensive re-
search and educational infrastructure and related capacity-
building across the PEEX domain. In this paper we present
the PEEX structure and summarize its motivation, objectives
and future outlook.
1 Introduction and background
The Earth system is facing several global-scale environmen-
tal challenges, called “grand challenges”, such as climate
change, air quality, migration of peoples and other changes in
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human population, ocean acidification, freshwater and food
supplies. Grand challenges are the main factors affecting hu-
man well-being, security and stability of future societies. All
the grand challenges are interlinked via complex feedbacks
in the Earth system (Fig. 1). The dynamics of grand chal-
lenges are driven by “global forces”, identified as demo-
graphics, increasing demand for natural resources, global-
ization and climate change (e.g., Smith, 2010). The global
forces are strongly geographically oriented and variable phe-
nomena, depending on migration trends of human popula-
tions, variations in the availability of natural resources, cap-
ital flows within the economy, and the diverse impacts of
global and regional climate change.
Coping with climate change and transformations of civi-
lizations and ecosystems on a global scale is one of the ulti-
mate challenges of the 21st century. Since grand challenges
are highly coupled and interlinked, they cannot be solved
separately. Therefore, a framework is needed where a multi-
disciplinary scientific approach has the required critical mass
and is strongly connected to fast-track policy making. The
potential solutions are typically tightly coupled with each
other.
The northern Pan Eurasian regions, specifically the
Arctic–boreal regions including the Arctic Ocean, are lo-
cated at latitudes higher than 45◦ N (Fig. 2). These areas
are expected to undergo substantial changes during the next
decades (IPCC, 2014). The Arctic region, for example, is
warming faster than any other region of the world (Smith
et al., 2015), and this warming may reach levels as high as
8.3± 1.9 ◦C by the end of this century (IPCC, 2013). The
importance of northern regions on a global scale is fore-
seen to increase in terms of all the four global forces: not
only climate change but also globalization, demographics
and the use of natural resources (Smith, 2010). Furthermore,
it is worth recognizing the important role of China in setting
global trends and in affecting the development of northern
environments and societies.
The specific characteristics of pan-Eurasian Arctic–boreal
natural environments are linked to the global climate. Thaw-
ing of permafrost and northward migration of the taiga zone
will have significant consequences for the climate system, as
these phenomena influence the sources and sinks of green-
house gases (GHGs) and biogenic volatile organic com-
pounds (BVOCs). The forests and peatlands in Siberia and
elsewhere at high northern latitudes sequester large amounts
of GHG compared to the net global emissions (Bondur, 2011,
2014, 2015; Frolking et al., 2011; Pan et al., 2011; Graven
et al., 2013). BVOCs emitted by boreal forests contribute to
atmospheric aerosol and cloud condensation nuclei forma-
tion processes, and therefore to both aerosol–radiation and
aerosol–cloud interactions (Spracklen et al., 2008; Kulmala
et al., 2013; Paasonen et al., 2013; Scott et al., 2014). The
magnitude of BVOC emissions is linked to the total area of
boreal forests, and to structural changes in the forest ecosys-
tems (Laothawornkitkul et al., 2009). Due to the critical
role of Siberian forests in global GHG and aerosol budgets,
there is a specific need for comprehensive and continuous
atmosphere–ecosystem data from the northern Eurasian re-
gion (Kulmala et al., 2011b; Quinn et al., 2014).
In addition to changing GHG exchange and BVOC emis-
sions, major structural ecosystem changes are also predicted
to take place in the pan-Eurasian Arctic and boreal nat-
ural environments. These include the appearance of inva-
sive species and the extinction of existing ones, changes in
ecosystem productivity and structure, and modifications in
the ecosystems’ roles as sinks or sources of climatically rel-
evant gases (Epstein et al., 2013; Pearson et al., 2013; Buer-
mann et al., 2014; Reich et al., 2015). The latter concerns vast
areas of boreal forests and peatlands. The ecosystem changes
may have unpredictable consequences on, e.g., food webs,
and on interactions between different ecosystems and human
activities.
The other geographical area dominating the acceleration
of climate change is the Arctic Ocean and its maritime envi-
ronments. One major consequence of the warming of north-
ern latitudes is related to changes in the cryosphere, includ-
ing the thawing of permafrost and the Arctic Ocean becom-
ing ice free part of the year (Tarnocai et al., 2009; Hayes et
al., 2014; Schaefer et al., 2014; Döscher et al., 2014). This
will boost global trade activities in the Arctic if the northern
sea route is opened for shipping between the Atlantic and
Asia’s far east. The Arctic Ocean is currently covered by ice
for most of the year (from October to June), preventing ship
traffic. However, the amount of sea ice is declining rapidly.
The predicted shortening of the ice cover period draws at-
tention to exploitable natural resources (oil, natural gas and
minerals) in the region. It has been predicted that the role
of natural resources originated from the Arctic Ocean in the
global energy market will become significant, as the region
may hold 25 % or more of the world’s undiscovered oil and
gas resources (Yenikeyeff and Krysiek, 2007). Future thaw-
ing of permafrost threatens the durability of infrastructure
(power networks, buildings, ice roads, oil drilling) and may
have large influences on the living conditions and culture of
indigenous people living in the north.
A strong involvement and international collaboration be-
tween European, Russian and Chinese partners are needed
to answer the grand challenges in the northern context: how
will northern societies cope with environmental changes?
A new large-scale initiative called the Pan-Eurasian Exper-
iment (PEEX), started in 2012, is contributing to solving the
grand challenges in the northern pan-Eurasian and Chinese
context (Lappalainen et al., 2014). PEEX is a bottom-up ini-
tiative by European, Russian and Chinese partners, and it is
open to a broader collaboration in the future. Presently over
110 institutes from over 20 different countries are contribut-
ing to PEEX. The promoter institutes of this program have
been the University of Helsinki and the Finnish Meteorolog-
ical Institute in Finland; Moscow State University, the AE-
ROCOSMOS Research Institute for Aerospace Monitoring
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Figure 1. The interlinked global forces (climate change, natural resources, globalization, demography) (Smith, 2010) modifying the northern
regions’ future within the next 40 years. The technological development provides the framework for the future development trends.
Figure 2. The northern pan-Eurasian geographical region encompasses both permafrost and boreal zones.
(Moscow), the Department of Geography of Moscow State
University and the Institute of Atmospheric Optics of the
Siberian branch of the Russian Academy of Sciences (RAS)
in Russia; and the Institute of Remote Sensing and Digital
Earth (RADI) of the Chinese Academy of Sciences (CAS)
and the Institute for Climate and Global Change research of
Nanjing University in China, with the endorsement of the
International Geosphere-Biosphere Program core project In-
tegrated Land Ecosystem Atmosphere Process Study. Today,
the PEEX community includes scientists from various dis-
ciplines as well as representatives of international organiza-
tions and programs (e.g., WMO GAW, IIASA, IGBP/Future
Earth), and stakeholders from industry, transport, renewable
natural resources management, agricultural production and
trade. The PEEX community will aim at co-designing re-
search in the region in the spirit of the Future Earth initiative
as well as the Climate and Clean Air Coalition.
2 Vision, mission and objectives
The vision of PEEX is to solve interlinked, global grand chal-
lenges influencing human well-being and societies in north-
ern Eurasia and China in an integrative way, recognizing the
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significant role of boreal and Arctic regions in the context of
global change. The PEEX vision includes the establishment
and maintenance of long-term, coherent and coordinated re-
search and education activities and continuous, comprehen-
sive research infrastructure in the PEEX domain. PEEX aims
to contribute to the Earth system science agenda and climate
policy in topics important to the pan-Eurasian environment,
and to provide adaptation and mitigation strategies for the
northern pan-Eurasian and Chinese societies related to grand
challenges, in particular climate change and air quality.
The mission of PEEX is to be a next-generation natural-
science and socioeconomic research initiative using excellent
multidisciplinary science with clear impacts on future envi-
ronmental, socioeconomic and demographic development of
the Arctic and boreal regions as well as China. The PEEX
initiative consists of four main focus areas (F-1–4) described
in detail in Sect. 3. Each focus area has its own specific ob-
jectives listed below.
– F-1: PEEX research agenda:
– to understand the Earth system and the influence
of environmental, societal and economic changes,
interactions and feedbacks in pristine and indus-
trialized pan-Eurasian environments (systems un-
derstanding: land, atmosphere, aquatic, anthro-
pogenic/society);
– to determine processes in a multidimensional and
multidisciplinary way relevant to climate change,
demographic development and the use of energy
and mineral resources in the Arctic–boreal regions
(understanding of processes).
– F-2: PEEX infrastructure:
– to establish and sustain long-term, continuous
and comprehensive ground-based, airborne and
seaborne observation infrastructure together with
satellite data (observation component);
– to develop the new data sets and archives with con-
tinuous, comprehensive data flows in a joint manner
(data component);
– to implement the validated and harmonized data
products in models of appropriate spatial and tem-
poral scales and topical focus (modeling compo-
nent).
– F-3: PEEX impact on society:
– to use new research knowledge together with the
research infrastructure services for producing
– as reliable scenarios and assessments as possi-
ble, to support practical solutions for addressing
the grand challenges in the northern context and
in China (climate change, natural resources, hu-
man health);
– early-warning systems for the sustainable de-
velopment of societies (demography develop-
ment).
– to promote technological innovations needed for
coherent global environmental, technological, eco-
nomical or social processes in an interconnected
world (globalization).
– F-4: PEEX knowledge transfer and capacity building:
– to educate the next generation of multidisciplinary
experts and scientists capable of finding tools for
solving grand challenges (young scientist multidis-
ciplinary advancement);
– to increase public awareness of climate change im-
pacts in the pan-Eurasian region (public outreach);
– to distribute the new knowledge and data prod-
ucts to scientific communities (enhance multidisci-
plinary research);
– to deliver tools, scenarios and assessments for cli-
mate policy makers and authorities (policy sup-
port).
3 PEEX structure and interlinks
The research agenda (F-1) defines the large-scale key top-
ics and research questions of the land–atmosphere–aquatic–
anthropogenic systems in an Arctic–boreal context as well
as megacity–climate interactions and air quality issues, in-
cluding socioeconomic research aspects. The research in-
frastructure (F-2) introduces the current state-of-the-art ob-
servation systems in the pan-Eurasian regions and presents
the future base for the coherent and coordinated research
infrastructure in the PEEX domain. The impact on society
(F-3) addresses key aspects related to mitigation and adap-
tation strategies supporting development of useful and effec-
tive policy strategies. It also involves planning for preparing
northern societies to cope with environmental changes, de-
veloping reliable early-warning systems, and addressing the
role of new technology in the implementation of these strate-
gies and plans. Knowledge transfer and capacity building (F-
4) are focused on improving education programs at multiple
levels, strengthening future research communities, and rais-
ing awareness of global changes and environmental issues.
The summary of PEEX structure is presented in Fig. 3.
3.1 Research agenda (F-1)
The PEEX research agenda is designed as a research chain
(Kulmala et al., 2011a), which aims to advance our under-
standing of the interactions in the Earth system (encompass-
ing not only the atmosphere and the land and ocean ecosys-
tems, but also human activities and societies) through a series
of connected activities. These research activities start at the
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molecular scale, to understand key atmospheric processes,
and extend to regional and global scales, to understand the
complex processes in, e.g., the climate system and its inter-
action with society. Our focus is to understand the complex
land–atmosphere–ocean–society system in an Arctic, north-
ern pan-Eurasian and Chinese context.
A very important aspect is that the research agenda cover
a large area, with studies covering diverse spatial and tem-
poral scales, and it encompass diverse geographical regions,
including both natural and urban environments. The major
large-scale systems studied by PEEX are the land, atmo-
sphere and aquatic systems, along with anthropogenic ac-
tivities (Fig. 3). The PEEX research agenda also addresses
various feedbacks and interactions between these systems, as
well as the major biogeochemical cycles (water, carbon, ni-
trogen, phosphorus, sulfur). The key topics and related large-
scale research questions associated with these components
are summarized in Table 1. These questions have been iden-
tified during the PEEX meetings with a preliminary list of
questions presented earlier by Lappalainen et al. (2014). The
present version introduced in Table 1 was accepted at the
PEEX meeting in February 2015.
Human decision making concerning, for example, land
use and fossil-fuel burning are represented by agent-based
models, integrated assessment models and climate scenarios,
which will be utilized and further developed for the north-
ern pan-Eurasian region. In urban and industrialized regions,
the process understanding of biogeochemical cycles includes
anthropogenic sources, such as industry and fertilizers, as
essential parts of the biogeochemical cycles. PEEX climate
studies, especially estimates of the type and frequency of nat-
ural hazards in the future, will be used to improve climate
prediction capacities in Europe, Russia and China. Further-
more, PEEX socioeconomic research covers the superposi-
tion of natural and socioeconomic factors, dependence of the
consequences of climate change on socioeconomic condition
and its dynamics, identification of opportunities and methods
of mitigation and adaptation to climate and socioeconomic
changes, as well as the spatial differentiation of responses of
the societies to environmental, demographical and socioeco-
nomic challenges on national, regional and local levels (re-
gional and local, urban and rural cases).
Feedbacks are essential components of our climate sys-
tem as they either increase or decrease the changes in
climate-related parameters in the presence of external forc-
ings (IPCC, 2013). The PEEX domain covers a wide range of
interactions and feedback processes involving human activ-
ities, natural systems and biogeochemical cycles (Heimann
and Reichstein, 2008; Arneth et al., 2010), with humans act-
ing both as the source of climate or environmental changes
and the recipients of the impacts. One of the first feedback
mechanisms to be quantified is that connecting the atmo-
spheric carbon dioxide concentration, ambient temperature,
gross primary production, secondary biogenic aerosol forma-
tion, clouds and radiative transfer with each other (Kulmala
et al., 2014). Covering the PEEX area with several compre-
hensive stations enables us to understand feedbacks and in-
terlinks in quantitative ways (Ding et al., 2013a, b). Although
these feedback mechanism and several processes have been
investigated in several flagship stations like at SMEAR II in
Hyytiälä, Finland, there is a need to establish a flagship sta-
tion network and also improve other tools to be able to meet
research challenges in the PEEX domain.
Measurements of the changes in the hydrological and bio-
geochemical cycles on different temporal scales are needed
to construct and improve the next generation of Earth sys-
tem models. Such measurements should include, for exam-
ple, the following quantities: concentrations and fluxes of
aerosol particles, greenhouse gases and reactive trace gases,
cloud microphysical and rain-forming properties, ecosystem
functioning, and land use change. Earth system models are
the best tools available for analyzing the effect of differ-
ent environmental changes on future climate, and for study-
ing the role of different processes in the Earth system as
a whole. These types of analyses and predictions of future
change are especially important in the high latitudes, where
climate change is proceeding the fastest and where near-
surface warming has been about twice the global average
during recent decades.
3.2 Research infrastructure (F-2)
3.2.1 Coherent and coordinated observation program
and data systems
Solutions to the interconnected global environmental prob-
lems can be provided only by a harmonized and holistic
comprehensive observational approach utilizing all available
modeling tools representing different spatial and temporal
scales. However, all the tools, including models and ob-
servational/experimental devices, need to be developed fur-
ther in order to answer the research questions and solve
challenges. The PEEX approach uses methods ranging from
nanometer and sub-second observations and process studies
to global- and decadal-scale measurement activities, data sets
and model simulations. The vision of the PEEX infrastruc-
ture is to provide comprehensive, continuous and reliable
harmonized data products for forecasting services, and for
the science community.
The PEEX research infrastructure aims to establish a long-
term comprehensive field station network in the region cov-
ering Europe – particularly Scandinavia, Greenland and the
Baltic countries – Russia and China. The conceptual phi-
losophy of the network design relies on physical conserva-
tion laws of mass, energy and momentum, as well as on
concentration gradients that act as driving forces for the
atmosphere–biosphere exchange. The network will be com-
posed of standard, flux/advanced and flagship stations, each
having specific and identified tasks (Hari et al., 2015). Each
ecosystem type has its own characteristic features that have
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Figure 3. Schematic figure of the PEEX structure.
to be taken into consideration when planning the station net-
work. The hierarchical network as a whole is able to tackle
problems related to large spatial scales, heterogeneity of
ecosystems and their complexity. The most comprehensive
observations are to be conducted at the flagship stations. The
process-level understanding can then be expanded to conti-
nental and global scales through the hierarchical station net-
work, advanced data analysis, Earth system modeling and
satellite remote sensing. The denser networks of flux and
standard stations allow application and up-scaling of the re-
sults obtained from flagship stations to the global level. In
the first phase, the land-based station network will be based
on existing infrastructure consisting of standard stations such
as weather stations, flux (FLUXNET) stations, flagship sta-
tions and satellite-receiving stations. The strategic focus is to
ensure the long-term continuation of advanced (using, e.g.,
mass spectrometers, cloud radars and other state-of-the-art
and next-generation methods, observing over 1000 different
variables) measurements of aerosols, clouds, GHGs, trace
gases and land surfaces and their interactions in the north-
ern Eurasian area.
The cryosphere in the Arctic is changing rapidly (Döscher
et al., 2014; Hayes et al., 2014; Vihma et al., 2014). Measure-
ments of the current and past conditions of the cryosphere are
made at deep boreholes, permafrost sites, and buoy/floating
stations in the Arctic Ocean; on board ships; and through
geophysical observations on board aircraft. The preliminary
concept of a hierarchical network for aquatic observations in
the surrounding seas would consist of simple buoys deployed
on sea ice in the open sea, sophisticated buoys, research ves-
sels, floating flagship stations, manned drifting ice stations,
and permanent coastal and archipelago stations.
The PEEX flagship stations simultaneously measure me-
teorological and atmospheric parameters, together with
ecosystem-relevant processes (including carbon, nutrient and
water cycles; vegetation dynamics; and biotic and abiotic
stresses). Ideally, the ground flagship station network will
contain one flagship station in all major ecosystems, in prac-
tice a station for every 1000 to 2500 km (for details see Hari
et al., 2015). The future PEEX research infrastructure will in-
clude aircraft and satellite observations, which provide com-
plementary (to the local in situ observations) information on
the spatial variability of atmospheric composition (aerosols,
trace gases, greenhouse gases, clouds), and on land and ocean
surface properties including vegetation and snow/ice. Vice
versa, the PEEX infrastructure has an important role in the
validation, integration and full exploitation of satellite data
on the Earth system.
The PEEX program will produce an extensive amount of
observational measurement data, publications, method de-
scriptions and modeling results. The PEEX data product plan
is built on the establishment of permanent PEEX-integrated
platforms, documenting the variability of the various com-
ponents of the ecosystem (atmosphere, terrestrial, marine),
and utilizing state-of-the-art data management procedures in-
cluding automatic data submission directly from the mea-
surement sites, data processing, quality control, and conver-
sion to formats used by the international user and storage
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Table 1. List of PEEX – large-scale research questions.
Main
component
Large-scale research questions Key topic for research
Land
system
Q-1 How could the land regions and processes that are espe-
cially sensitive to climate change be identified, and what are
the best methods to analyze their responses?
Q-2 How fast will permafrost thaw proceed, and how will it
affect ecosystem processes and ecosystem–atmosphere feed-
backs, including hydrology and greenhouse gas fluxes?
Q-3 What are the structural ecosystem changes and tipping
points in the future evolution of the pan-Eurasian ecosystem?
Shifting of vegetation zones,
Arctic greening
Risk areas of permafrost thawing
Ecosystem structural changes
Atmospheric system Q-4 What are the critical atmospheric physical and chemical
processes with large-scale climate implications in a northern
context?
Q-5 What are the key feedbacks between air quality and climate
at northern high latitudes and in China?
Q-6 How will atmospheric dynamics (synoptic scale weather,
boundary layer) change in the Arctic–boreal regions?
Atmospheric composition and
chemistry
Urban air quality, megacities
and changing PBL
Weather and atmospheric circu-
lation
Aquatic systems
– the Arctic Ocean
Q-7 How will the extent and thickness of the Arctic sea ice and
terrestrial snow cover change?
Q-8 What is the joint effect of Arctic warming, ocean fresh-
ening, pollution load and acidification on the Arctic marine
ecosystem, primary production and carbon cycle?
Q-9 What is the future role of Arctic–boreal lakes, wetlands
and large river systems, including thermokarst lakes and run-
ning waters of all size, in biogeochemical cycles, and how will
these changes affect societies (livelihoods, agriculture, forestry,
industry)?
The Arctic Ocean in the climate
system
The Arctic maritime environment
Lakes, wetlands and large




Q-10 How will human actions such as land use changes, en-
ergy production, the use of natural resources, changes in energy
efficiency and the use of renewable energy sources influence
further environmental changes in the region?
Q-11 How do the changes in the physical, chemical and biolog-
ical state of the different ecosystems as well as the inland, water
and coastal areas affect the economies and societies in the re-
gion, and vice versa?
Q-12 In which ways are populated areas vulnerable to climate
change? How can their vulnerability be reduced and their adap-
tive capacities improved? What responses can be identified to






Q-13 How will the changing cryospheric conditions and the
consequent changes in ecosystems feed back to the Arctic cli-
mate system and weather, including the risk of natural hazards?
Q-14 What are the net effects of various feedback mechanisms
on (i) land cover changes, (ii) photosynthetic activity, (iii) GHG
exchange and BVOC emissions, (iv) aerosol and cloud forma-
tion and radiative forcing? How do these vary with climate
change on regional and global scales?
Q-15 How are intensive urbanization processes changing the
local and regional climate and environment?
Atmospheric composition,
biogeochemical cycles: water, C,
N, P, S
communities. The PEEX data will be harmonized with in-
ternational measurement systems and data formats, in col-
laboration with existing global observation systems, such as
the Global Atmosphere Watch program by the World Meteo-
rological Organization (WMO-GAW, 2009), and with Arc-
tic and boreal infrastructure projects, such as IASOA (In-
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ternational Arctic Systems for Observing the Atmosphere);
INTERACT (International Network for Terrestrial Research
and Monitoring in the Arctic); the Russian System of Atmo-
spheric Monitoring (RSAM), the Integrated Land Informa-
tion System (ILIS); the US AERONET (AErosol RObotic
NETwork), NDACC (Network for the Detection of Atmo-
spheric Composition Change) and TCCON (Total Column
Carbon Observing Network); and European research infras-
tructure such as ICOS (Integrated Carbon Observation Sys-
tem), ACTRIS (Aerosols, Clouds, and Trace gases Research
InfraStructure Network), SIOS (Svalbard Integrated Earth
Observing System) and ANAEE (Infrastructure for Analysis
and Experimentation on Ecosystems).
3.2.2 Modeling platform
The PEEX modeling platform is characterized by a multi-
scale approach starting from the molecular and cell levels
and extending all the way to complex integrated Earth sys-
tem modeling, in combination with specific models of differ-
ent processes and elements of the system, acting on differ-
ent temporal and spatial scales. We have preliminarily tested
this kind of a multiscale approach in a framework of an in-
tegrated European research project (Kulmala et al., 2011a).
PEEX takes an ensemble approach to the integration of mod-
eling results from different models, participants and coun-
tries. PEEX utilizes the full potential of a hierarchy of mod-
els: inverse modeling, emission modeling based on econom-
ical and energy models, scenario analysis, process modeling
based on measurement, regional and global chemical trans-
port models and climate models, and Earth system models.
The models will be validated and constrained by PEEX in
situ and remote-sensing data of various spatial and temporal
scales using data assimilation and top-down modeling. The
analysis of the anticipated large volumes of data produced by
PEEX models and sensors will be supported by a dedicated
virtual research environment developed for this purpose.
There has been criticism that the processes, and hence pa-
rameterizations, in Earth system models are based on insuf-
ficient knowledge of the physical, chemical and biological
mechanisms involved in the climate system, and that the spa-
tial or temporal resolution of known processes is insufficient
(e.g., Nobre et al., 2010; Baklanov et al., 2014). PEEX will
tackle this issue by forwarding the necessary process under-
standing effectively to Earth system modeling frameworks.
The PEEX modeling platform will also include integrated
assessment models, agent-based models, economical and en-
ergy system models, and sociological and policy analysis.
3.3 Impact on society (F-3)
The PEEX research agenda supports the planning of the sus-
tainable use of natural resources, climate change adaptation
and mitigation strategies. PEEX provides scientific knowl-
edge on natural and climatic processes, which are needed for
assessing the extent of climate risks in the future. PEEX will
accumulate scientific knowledge on how societies in Europe,
Russia and China are able to adapt to and mitigate climate
change, developing useful and realistic mitigation and adap-
tion strategies. This will include economical and political
analysis based on integrated modeling analysis using mul-
tidisciplinary PEEX data with open access.
The scientific results of PEEX intend to fill the current
gaps in our knowledge of the processes, feedbacks and links
within and between the major components of the Earth sys-
tem in the Arctic–boreal context, including biogeochemical
cycles and human activities. Reliable climate information
and scenarios for the coming decades are crucial for sup-
porting the adaptation of northern societies to the impacts
of climate and cryospheric changes.
The PEEX research results are used for producing differ-
ent types of scenarios on the impacts of climate change and
air quality changes on human population, society, energy re-
sources and capital flows. PEEX will provide information on
mitigation and adaptation strategies for the changing Arctic
environments and societies, in addition to which it will carry
out risk analyses of both human activities and natural haz-
ards (floods, forest fires, droughts, air pollution, high-impact
weather events). These plans take into account different key
aspects, such as sustainable land use, public health and en-
ergy production. The improved knowledge and scenarios on
climate phenomena and impacts are needed to provide rele-
vant climate predictions, and also to support adaptation mea-
sures. In particular, estimates of the type and frequency of
extreme events, and possible nonlinear climate responses, are
needed for past, present and future conditions.
Another main outcome of the PEEX preliminary phase
(2012–2017) is the PEEX observation network, which will
fill the current observational gap in the northern pan-Eurasian
region and eventually provide data services for different
types of users. The aim is to bring the observational setup
into an international context with standardized or comparable
procedures. The development of the European research in-
frastructure provides a model for the harmonized PEEX data
products, and for the calibration of network measurements
with international standards. PEEX will adopt the common
European data formats and procedures for the PEEX research
infrastructure development, including an open data policy.
Furthermore, PEEX will actively collaborate within a frame-
work of the circumpolar projects.
PEEX will provide new early-warning systems for the
Arctic–boreal regions. The increasing utilization of natural
resources in the Arctic region, together with increasing traf-
fic, will increase the risk of accidents such as oil spills – as
well as increasing anthropogenic emissions to the land, at-
mosphere and water systems – and cause negative land use
changes in both forests and agricultural areas (Shvidenko
et al., 2013). The thawing permafrost and extreme weather
events accelerate both the risk of natural disasters – such as
forest fires, floods and landslides – and the destruction of
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infrastructure, such as buildings, roads and energy distribu-
tion systems (UNEP Year Book, 2013; Bondur, 2011, 2015).
The coherent and coordinated PEEX observation network,
together with the PEEX modeling approach, form the back-
bone of the next-generation early-warning systems across the
PEEX geographical domain.
The advanced knowledge on environmental changes and
their feedbacks to economy and society enables us to address
future scenarios and narratives for future food production,
forestry and other ecosystem services; development of trans-
port, energy production, and use of minerals; and changes
in local and regional culture and networks. These interlinks
are in most cases very nonlinear, and therefore we need deep
multidisciplinary understanding for finding practical solu-
tions to the grand challenges discussed earlier.
Society and research are tightly connected with each other.
Society provides resources for the basic research, which gen-
erates new knowledge to be used in applied research. Applied
research generates new innovations, which produce welfare
and provide new resources back to society. PEEX is an active
player in each part of this cycle. Technological development
can answer some of the questions arising in F-1. However,
all of society, including economic and cultural aspects, must
be considered in the search for sustainable answers to grand
challenges.
3.4 Knowledge transfer and capacity building (F-4)
One of the first activities of PEEX will be the establish-
ment of a PEEX education and capacity-building program.
The main emphasis is on facilitating the dissemination of
existing educational material and on promoting the collab-
oration of national and regional programs. PEEX intends to
participate in the training of researchers throughout their ca-
reer, from undergraduate and graduate studies to the level of
experts, professors and research institute leaders. Building
bridges between the different natural sciences, as well as be-
tween natural and social sciences, is one of the most impor-
tant goals of the international and interdisciplinary education
collaboration.
PEEX will contribute to the building of a new, integrated
Earth system research community in the pan-Eurasian re-
gion. In practice this means open access to the research and
modeling infrastructure, as well as invitation of international
partners and organizations to share their development and
use. PEEX will be a major factor in integrating the socioeco-
nomic and natural-science communities to work together to-
ward solving the major challenges influencing the well-being
of humans, societies and ecosystems in the Arctic–boreal re-
gion.
PEEX will distribute information to the general public in
order to raise awareness on climate change, and on the hu-
man impacts at different scales of the climate problem. This
will also increase the visibility of PEEX activities in Europe,
Russia and China.
4 Summary and outlook of PEEX in the future society
As a multicomponent, multidimensional and multidisci-
plinary program, PEEX will provide future societies the tools
for finding sustainable ways to meet existing and also fu-
ture grand challenges. The basis for this is comprehensive re-
search stations with proper satellite data and modeling frame-
work, which enable us to improve our understanding, to an-
swer our current research questions, and also to renew these
questions in a proper way.
The scientific results of PEEX will be used to develop new
scenarios in order to help decision makers and other stake-
holders to meet and manage grand challenges also in the
future. Since the global population will increase, the use of
freshwater, the food supply, and the use and production of en-
ergy need to be organized in a sustainable manner. The health
problems related to air pollution and epidemic diseases need
to be solved. PEEX will contribute significantly to climate
scenarios on global and regional scales, and provide novel
services such as early-warning systems for the Arctic–boreal
regions. PEEX aims to contribute to the Earth system science
agenda, to climate policy concerning topics important to the
pan-Eurasian environment, and also to help societies of this
region in building up a sustainable future.
Because of the already-observable effects of climate
change on society, and the specific role of the Arctic and
boreal regions in this context, PEEX emphasizes the need
for establishing next-generation research and research infras-
tructure in this area. PEEX will provide fast-track assess-
ments of global environmental-change issues for climate pol-
icy making, and for mitigation and adaptation strategies for
the northern pan-Eurasian region.
In practice, PEEX will develop and utilize an integrated
observational and modeling framework to identify different
climate forcing and feedback mechanisms in the northern
parts of the Earth system, and therefore enable more reliable
predictions of future regional and global climate. Besides
climate-change–air-quality issues, PEEX aims to provide a
continuum from deep scientific understanding to socioeco-
nomic solutions. The timescale of the first phase of PEEX
extends from 2013 to 2033, with a vision to continue sev-
eral decades. The long timescale is required for solving the
current and emerging interlinked grand challenges.
PEEX aims to be operational in the beginning of 2018.
It will start designing and building long-term, continuous
and comprehensive research infrastructure in northern pan-
Eurasia. At first, the PEEX infrastructure will be based on
the re-organization of the existing facilities, and it includes
ground-based, aircraft, marine and satellite observations, as
well as multiscale modeling platforms. The PEEX domain
covers the Eurasian boreal zone and the Arctic regions of the
hemisphere, including marine areas such as the Baltic, the
North Sea and the Arctic Ocean. The PEEX area includes
also China due to its crucial impact and influence on the Bo-
real and Arctic regions. The PEEX research agenda focuses
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on the multidisciplinary process understanding of the Earth
system on all relevant spatial and temporal scales, ranging
from the nano-scale to the global scale. The strategic focus is
to ensure the long-term continuation of comprehensive mea-
surements in the land–atmosphere–ocean continuum in the
northern Eurasian area, as well as the interactions and feed-
backs related to urbanization and megacities, and to educate
the next generation of multidisciplinary scientists and techni-
cal experts capable of solving the large-scale research ques-
tions with societal impact of the PEEX geographical domain.
For successful operation PEEX needs to have
– excellent science: quality, critical mass, and inter- and
multidisciplinary research;
– world-class research infrastructure, an integrated net-
work of research networks, and open data;
– education and training: knowledge exchange and capac-
ity building;
– innovations and contributions to an innovative environ-
ment;
– science to society: continuous dialog and stakeholder
involvement.
Acknowledgements. This work is supported by the Academy of
Finland Centre of Excellence program (project numbers 1118615
and 272041), by the Academy of Finland project ABBA (project
number 280700), by the Nordic Centre of Excellence projects
CRAICC and DEFROST, by the Integrated Land Ecosystem
Atmosphere Processes Study (iLEAPS), by the Finnish Cultural
Foundation (grant: Prof. Markku Kulmala “International Working
Groups”), by the Erasmus+ CBHE project ECOIMPACT (561975-
EPP-1-2015-1-FI-EPPKA2-CBHE-JP), by the Russian Ministry
of Education and Science (mega-grant no. 11.G34.31.0048,
project no. 14.583.21.0003 (unique identifier of the project
RFMEFI58314X0003), project no. 14.604.21.0100 (identification
code RFMTFIBBB210290), project no. 14.586.21.0004 (unique
identifier of the project RFMEFI58614X0004)), by the Russian Sci-
ence Foundation (project numbers 15-17-20009 and 15-17-30009),
by the RFBR Grant no. 14-05-91759 (ISR “AEROCOSMOS”), and
by the Institute of Geography, Russian Academy of Sciences, and
Russian Science Foundation (project number 14-27-00133).
Edited by: I. Salma
References
Arneth, A., Harrison, S. P., Zaehle, S., Tsigaridis, K., Menon, S.,
Bartlein, P. J., Feichter, J., Korhola, A., Kulmala, M., O’Donnell,
D., Schurgers, G., Sorvari, S., and Vesala, T.: Terrestrial biogeo-
chemical feedbacks in the climate system, Nat. Geosci., 3, 525–
532, doi:10.1038/ngeo905, 2010.
Baklanov, A., Schlünzen, K., Suppan, P., Baldasano, J., Brunner,
D., Aksoyoglu, S., Carmichael, G., Douros, J., Flemming, J.,
Forkel, R., Galmarini, S., Gauss, M., Grell, G., Hirtl, M., Joffre,
S., Jorba, O., Kaas, E., Kaasik, M., Kallos, G., Kong, X., Ko-
rsholm, U., Kurganskiy, A., Kushta, J., Lohmann, U., Mahura,
A., Manders-Groot, A., Maurizi, A., Moussiopoulos, N., Rao, S.
T., Savage, N., Seigneur, C., Sokhi, R. S., Solazzo, E., Solomos,
S., Sørensen, B., Tsegas, G., Vignati, E., Vogel, B., and Zhang,
Y.: Online coupled regional meteorology chemistry models in
Europe: current status and prospects, Atmos. Chem. Phys., 14,
317–398, doi:10.5194/acp-14-317-2014, 2014.
Bondur, V. G: Satellite Monitoring of Wildfires during the Anoma-
lous Heat Wave of 2010 in Russia, Izv., Atmos. Ocean. Phys., 47,
1039–1048, 2011.
Bondur, V. G.: Modern Approaches to Processing Large Hyper-
spectral and Multispectral Aerospace Data Flows, Izv., Atmos.
Ocean. Phys., 50, 840–852, doi:10.1134/S0001433814090060,
2014.
Bondur, V. G.: Space-borne Monitoring of Trace Gas and Aerosol
Emissions During Wildfires in Russia, Issledovanie Zemli iz kos-
mosa, No. 6., 21–35, 2015.
Buermann, W., Parida, B., Jung, M., MacDonald, G. M., Tucker,
C. J., and Reichsteing, M.: Recent shift in Eurasian boreal for-
est greening response may be associated with warmer and drier
summers, Geophys. Res. Lett., 41, 1995–2002, 2014.
Ding, A. J., Fu, C. B., Yang, X. Q., Sun, J. N., Petäjä, T., Ker-
minen, V.-M., Wang, T., Xie, Y., Herrmann, E., Zheng, L. F.,
Nie, W., Liu, Q., Wei, X. L., and Kulmala, M.: Intense atmo-
spheric pollution modifies weather: a case of mixed biomass
burning with fossil fuel combustion pollution in eastern China,
Atmos. Chem. Phys., 13, 10545–10554, doi:10.5194/acp-13-
10545-2013, 2013a.
Ding, A. J., Fu, C. B., Yang, X. Q., Sun, J. N., Zheng, L. F., Xie,
Y. N., Herrmann, E., Nie, W., Petäjä, T., Kerminen, V.-M., and
Kulmala, M.: Ozone and fine particle in the western Yangtze
River Delta: an overview of 1 yr data at the SORPES station,
Atmos. Chem. Phys., 13, 5813–5830, doi:10.5194/acp-13-5813-
2013, 2013b.
Döscher, R., Vihma, T., and Maksimovich, E.: Recent advances in
understanding the Arctic climate system state and change from
a sea ice perspective: a review, Atmos. Chem. Phys., 14, 13571–
13600, doi:10.5194/acp-14-13571-2014, 2014.
Graven, H. D., Keeling, R. F., Piper, S. C., Patra, P. K., Stephends,
B. B., Wofsy, S. C., Welp, L. R., Sweeney, C., Tans, P. P., Kel-
ley, J. J., Daube, B. C., Kort, E. A., Santoni, G. W., and Bent, J.
D.: Enhanced seasonal exchange of CO2 by Northern ecosystems
since 1960, Science, 341, 1085–1089, 2013.
Epstein, H. E., Myers-Smith, I., and Walker, D.: Recent dynamics of
arctic and sub-arctic vegetation, Environ. Res. Lett., 8, 015040,
doi:10.1088/1748-9326/8/1/015040, 2013.
Frolking, S., Talbot, J., Jones, M. C., Treat, C. C., Kauffman, J.
B., Tuittila, E.-S., and Roulet, R.: Peatlands in the Earth’s 21st
century climate system, Environ. Rev., 19, 371–396, 2011.
Hari, P., Petäjä, T., Bäck, J., Kerminen, V.-M., Lappalainen, H.
K., Vihma, T., Laurila, T., Viisanen, Y., Vesala, T., and Kul-
mala, M.: Conceptual design of a measurement network of the
global change, Atmos. Chem. Phys. Discuss., 15, 21063–21093,
doi:10.5194/acpd-15-21063-2015, 2015.
Atmos. Chem. Phys., 15, 13085–13096, 2015 www.atmos-chem-phys.net/15/13085/2015/
M. Kulmala et al.: The Pan-Eurasian Experiment 13095
Hayes, D. J., Kickligher, D. W., McGuire, A. D., Chen, M., Zhuang,
Q., Yan, F., Melillo, J. M., and Wullschleger, S. D.: The im-
pacts of recent permafrost thaw on land-atmosphere greenhouse
gas exchange, Environ. Res. Lett., 9, 045005, doi:10.1088/1748-
9326/9/4/045005, 2014.
Heimann, M. and Reichstein, M.: Terrestrial ecosystem carbon dy-
namics and climate feedbacks, Nature, 451, 289–292, 2008.
IPCC 2013: Climate Change 2013: The Physical Science Basis.
Working Group I Contribution to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K.,
Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M.,
Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, 2013.
IPCC 2014: Climate Change 2014: Impacts, Adaptation, and Vul-
nerability. Part B: Regional Aspects, Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, edited by: Barros, V. R., Field, C.
B., Dokken, D. J., Mastrandrea, M. E., Mach, K. J., Bilir, T. E.,
Chatterjee, M., Ebi, K. L., Estrada, Y. O., Genova, R. C., Girma,
B., Kissel, E. S., Levy, A. N., MacCracken, S., Mastrandrea, P.
R., and White, L. L., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 2014.
Kulmala, M., Asmi, A., Lappalainen, H. K., Baltensperger, U.,
Brenguier, J.-L., Facchini, M. C., Hansson, H.-C., Hov, Ø.,
O’Dowd, C. D., Pöschl, U., Wiedensohler, A., Boers, R.,
Boucher, O., de Leeuw, G., Denier van der Gon, H. A. C., Fe-
ichter, J., Krejci, R., Laj, P., Lihavainen, H., Lohmann, U., Mc-
Figgans, G., Mentel, T., Pilinis, C., Riipinen, I., Schulz, M.,
Stohl, A., Swietlicki, E., Vignati, E., Alves, C., Amann, M.,
Ammann, M., Arabas, S., Artaxo, P., Baars, H., Beddows, D.
C. S., Bergström, R., Beukes, J. P., Bilde, M., Burkhart, J. F.,
Canonaco, F., Clegg, S. L., Coe, H., Crumeyrolle, S., D’Anna,
B., Decesari, S., Gilardoni, S., Fischer, M., Fjaeraa, A. M., Foun-
toukis, C., George, C., Gomes, L., Halloran, P., Hamburger, T.,
Harrison, R. M., Herrmann, H., Hoffmann, T., Hoose, C., Hu,
M., Hyvärinen, A., Hõrrak, U., Iinuma, Y., Iversen, T., Josipovic,
M., Kanakidou, M., Kiendler-Scharr, A., Kirkevåg, A., Kiss, G.,
Klimont, Z., Kolmonen, P., Komppula, M., Kristjánsson, J.-E.,
Laakso, L., Laaksonen, A., Labonnote, L., Lanz, V. A., Lehtinen,
K. E. J., Rizzo, L. V., Makkonen, R., Manninen, H. E., McMeek-
ing, G., Merikanto, J., Minikin, A., Mirme, S., Morgan, W. T.,
Nemitz, E., O’Donnell, D., Panwar, T. S., Pawlowska, H., Pet-
zold, A., Pienaar, J. J., Pio, C., Plass-Duelmer, C., Prévôt, A.
S. H., Pryor, S., Reddington, C. L., Roberts, G., Rosenfeld, D.,
Schwarz, J., Seland, Ø., Sellegri, K., Shen, X. J., Shiraiwa, M.,
Siebert, H., Sierau, B., Simpson, D., Sun, J. Y., Topping, D.,
Tunved, P., Vaattovaara, P., Vakkari, V., Veefkind, J. P., Viss-
chedijk, A., Vuollekoski, H., Vuolo, R., Wehner, B., Wildt, J.,
Woodward, S., Worsnop, D. R., van Zadelhoff, G.-J., Zardini,
A. A., Zhang, K., van Zyl, P. G., Kerminen, V.-M., S Carslaw,
K., and Pandis, S. N.: General overview: European Integrated
project on Aerosol Cloud Climate and Air Quality interactions
(EUCAARI) – integrating aerosol research from nano to global
scales, Atmos. Chem. Phys., 11, 13061–13143, doi:10.5194/acp-
11-13061-2011, 2011a.
Kulmala, M., Alekseychik, P., Paramonov, M., Laurila, T., Asmi,
E., Arneth, A., Zilitinkevich, S., and Kerminen, V.-M.: On mea-
surements of aerosol particles and greenhouse gases in Siberia
and future research needs, Boreal Environ. Res., 16, 337–362,
2011b.
Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manni-
nen, H. E., Nieminen, T., Petäjä, T., Sipilä, M., Schobesberger,
S., Rantala, P., Franchin, A., Jokinen, T., Järvinen, E., Äijälä, M.,
Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., Mikkilä,
J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ruuska-
nen, T., Mauldin III., R. L., Duplissy, J., Vehkamäki, H., Bäck, J.,
Kortelainen, A., Riipinen, I., Kurten, T., Johnston, M. V., Smith,
J. N., Ehn, M., Mentel, T., Lehtinen, K. E. J., Laaksonen, A.,
Kerminen, V.-M., and Worsnop, D. R.: Direct observationss of
atmospheric aerosol nucleation, Science, 339, 943–946, 2013.
Kulmala, M., Nieminen, T., Nikandrova, A., Lehtipalo, K., Manni-
nen, H. E., Kajos, M. K., Kolari, P., Lauri, A., Petäjä, T., Krejci,
R., Hansson, H.-C., Swietlicki, E., Lindroth, A., Christensen, T.
R., Arneth, A., Hari, P., Bäck, J., Vesala, T., and Kerminen, V.-
M.: CO2-induced terrestrial feedback mechanism: From carbon
sink to aerosol source and back, Boreal Environ. Res., 19, suppl.
B, 122–131, 2014.
Laothawornkitkul, J., Taylor, J. E., Paul, N. D., and Hewitt, C. N.:
Biogenic volatile organic compounds in the Earth System, New
Phytol., 183, 27–51, 2009.
Lappalainen, H. K., Petäjä, T., Kujansuu, J., Kerminen, V.-M.,
Shvidenko, A., Bäck, J., Vesala, T., Vihma, T., de Leeuw, G.,
Lauri, A., Ruuskanen, T., Lapshin, V. B, Zaitseva, N., Glezer,
O., Arshinov, M., Spracklen, D. V., Arnold, S. R., Juhola, S.,
Lihavainen, H., Viisanen, Y., Chubarova, N., Chalov, S., Fila-
tov, N., Skorokhod, A., Elansky, N., Dyukarev, E., Esau, I.,
Hari, P., Kotlyakov, V., Kasimov, N., Bondur, V., Matvienko,
G., Baklanov, A., Mareev, E., Troitskaya, Y., Ding, A., Guo,
H., Zilitinkevich, Z., and Kulmala, M.: Pan-Eurasian Experiment
(PEEX)- a research initiative meeting the grand challenges of the
changing environment of the northern Pan-Eurasian arctic-boreal
areas, J. Geography Environment Sustainability, 2, 13–48, 2014.
Nobre, C., Brasseur, G. P., Shapiro, M. A., Lahsen, M., Brunet, G.,
Busalacchi, A. J., Hibbard, K., Seitzinger, S., Noone, K., and
Ometto, J. P.: Addressing the complexity of the Earth system,
B. Am. Meteorol. Soc., 91, 1389–1396, 2010.
Paasonen, P., Asmi, A., Petäjä, T., Kajos, M. K., Äijälä, M, Junni-
nen, H., Holst, T., Abbatt, J. P. D., Arneth, A., Birmili, W., De-
nier van der Gon, H., Hamed, A., Hoffer, A., Laakso, L., Laakso-
nen, A., Leaitch, W. R., Plass-Dulmer, C., Pryor, S. C., Räisänen,
P., Swietlicki, E., Wiedensohler, A., Worsnop, D. R., Kerminen,
V.-M., and Kulmala, M.: Warming-induced increase in aerosol
number concentration likely to moderate climate change, Nat.
Geosci., 6, 438–442, 2013.
Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz,
W. A., Phillips, O. L., Shvidenko, A., Lewis, S. L., Canadell, J.
G., Ciais, P., Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao,
S., Rautiainen A., Sitch, S.., and Hayes, D.: A large and persisten
carbon sink in the world’s forests, Science, 333, 988–993, 2011.
Pearson, R. G., Phillips, S. J., Loranty, M. M., Beck, P. S. A.,
Damoulas, T., Knight, S. J., and Goetz, S. J.: Shifts in Arctic
vegetation and associated feedbacks under climate change, Na-
ture Climate Change, 3, 673–677, 2013.
Quinn, P. K., Stohl, A., Baklanov, A., Flanner, M. G., Herber, A.,
Kupiainen, K., Law, K. S., Schmale, J., Sharma, S., Vestreng,
V., and von Salzen, K.: The Arctic, Radiative forcing by black
www.atmos-chem-phys.net/15/13085/2015/ Atmos. Chem. Phys., 15, 13085–13096, 2015
13096 M. Kulmala et al.: The Pan-Eurasian Experiment
carbon in the Arctic in “State of the Climate in 2013”, B. Am.
Meteorol. Soc., 95, 124–125, 2014.
Reich, P. B., Sendall, K. M., Rice, K., Rich, R. L., Stefanski, A.,
Hobbie, S. E., and Montgomery, R. A.: Geographic range pre-
dicts photosynthetic and growth response in co-occurring tree
species, Nature Climate Change, 5, 148–152, 2015.
Schaefer, K., Lantuit, H., Romanovski, V. E., Schuur, E. A. G.,
and Witt, R.: The impact of the permafrost carbon feedback on
global climate, Environ. Res. Lett., 9, 085003, doi:10.1088/1748-
9326/9/8/085003, 2014.
Scott, C. E., Rap, A., Spracklen, D. V., Forster, P. M., Carslaw,
K. S., Mann, G. W., Pringle, K. J., Kivekäs, N., Kulmala, M.,
Lihavainen, H., and Tunved, P.: The direct and indirect radia-
tive effects of biogenic secondary organic aerosol, Atmos. Chem.
Phys., 14, 447–470, doi:10.5194/acp-14-447-2014, 2014.
Shvidenko, A., Gustafson, E., Mc Guire, A. D., Kharuk, V. I.,
Svhepaschenko, D. G., Shugart, H. H., Tchebakova, N. M.,
Vygodskaya, N. N., Onuchin, A. A., Hayes, D. J., McCal-
lum, I., Maksyutov, S., Mukhortova, L.V., Soja, A. J., Belelli-
Marchesini, L., Kurbatova, J. A., Oltchev, A. V., Parfenova, E.
I., and Shuman, J. K.:Terrestrial ecosystems and their change,
in: Regional Environmental Changes inSiberia and Their Global
Consequences, edited by: Groisman, P. Ya., and Gutman, G.,
Springer, Dordrecht, Netherlands, 171–249, doi:10.1007/978-
94-007-4569-8_1, 2013.
Smith, L: The New North: the World in 2050, Profile Books, Lon-
don, 2010.
Smith, S. J., Edmonds, J., Harting, C. A., Mundra, A., and Calvin,
K.: Near-term acceleration in the rate of temperature increase,
Nature Climate Change, 5, 333–336, 2015.
Spracklen, D. V., Bonn, B., and Carslaw, K. S: Boreal forests,
aerosols and the impacts on clouds and climate, Philos. T. R. Soc.
A, 266, 1–11, 2008.
Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhi-
tova, G., and Zimov, S.: Soil organic carbon pools in the north-
ern circumpolar permafrost regions, Global Biogeochem. Cy.,
23, GB2023, doi:10.1029/2008GB003327, 2009.
UNEP Year Book 2013: Emerging issues in our global environment.
United Nation Environmental program, 78 pp, 978-92-807-3284-
9 DEW/1565/NA, 2013.
Vihma, T., Pirazzini, R., Fer, I., Renfrew, I. A., Sedlar, J., Tjern-
ström, M., Lüpkes, C., Nygård, T., Notz, D., Weiss, J., Marsan,
D., Cheng, B., Birnbaum, G., Gerland, S., Chechin, D., and
Gascard, J. C.: Advances in understanding and parameteriza-
tion of small-scale physical processes in the marine Arctic cli-
mate system: a review, Atmos. Chem. Phys., 14, 9403–9450,
doi:10.5194/acp-14-9403-2014, 2014.
WMO-GAW, 2009: WMO Global Atmosphere Watch (GAW)
Strategic Plan: 2008–2015, WMO TD No. 1384, GAW Report
No. 172, 104 pp., 2009.
Yenikeyeff, S. M. and Krysiek, T. F.: The battle for next energy
frontier: The Russian polar expedition and the future of Arctic
hydrocarbons, Energy Comments, The Oxford Institute for En-
ergy Studies, Oxford, United Kingdom, 2007.
Atmos. Chem. Phys., 15, 13085–13096, 2015 www.atmos-chem-phys.net/15/13085/2015/
